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ABSTRACT  . 


The  concept-  of  using  a  ferrofluid  rotating  under  the  influence  of  an 
electromagnetic  field  as  a  gyroscope  is  reported.  A  ferrofluid  is  a  colloidal 
suspension  of  ferromagnetic  particles  and  behaves  as  a  magnetic  liquid.  It 
was  shown  that  up  to  about  100  dyne-cm/cm3  of  torque  can  be  transmitted  at 
rates  of  about  5  KHz  using  a  field  strength  of  about  80  oersted.  The  direction 
of  the  torque  was  observed  to  be  opposite  to  the  rotation  of  the  surface  layer 
of  the  fluid,  indicating  a  complex  flew  pattern  in  the  interior.  In  a  dynamic 
experiment  a  signal  from  a  search  coil  surrounding  the  rotating  ferrofluid  was 
less  than  2  /c volts /milliradian  when  the  system  was  subjected  to  angular  rates 
of  about  l50”  degrees /sec. 
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SECTION  I 
INTRODUCTION 


1.  Concept  Of  the  Ferrofluid  Gyro 


Ferrofluids  are  stabilized  colloidal  suspensions  of  syperparamagnetic 
particles.  It  was  recently  discovered  (Ret.  l).  ia  this  laboratory  that  a 
volume  of  ferrofluid  can  be  rotated  by  the  application  of  a  rotating  magne  ic 
field.  This  rotating  field  results  in  a  torque  or  the  suspended  particles  by 
electromagnetic  coupling.  In  turn,  the  particles  are  viscously  coupled  Jo 
the  bulk  liquid  resulting  in  rotation  of  the  total  fluid  volume.  With  this 
technique.,  torque  and  rotation  may  be  imparted  to  the  liquid  without  mechanical 
coupling  limited  by  the  disorienting  effects  of  Brownian  motion. 

It  was  conceived  that  the  rotating  magnetic  particles  could  be  used  as 
the  gyroscopic  element  in  a  novel  ferrofluid  gyro  in  which  the  change  in 
orientation  of  the  particles  could  be  detemincd  by  electromagnetic  means. 

The  goals  of  this  study  were  to  explore  the  phenomenon  of  electro- 
s&gneticully  indu<  1  torque  in  a  volume  of  ferromagnetic  liquid  and  to  investi¬ 
gate  the  feasibility  of  the  ferrofluid  gyro  concept. 

2.  Description  of  Ferrofluid  Gyro  ' 

The  ferrofluid  gyro  consists  of  a  mass  of  ferrofluid  in  a  container,  a 
system  for  generating  a  rotating  magnetic  field,  a  means  of  applying  input 
angular  rates  and  an  electromagnetic  sensor  system  to  detect  gyre  output.  Each 
of  these  components  is  briefly  described  below.  A  conceptual  drawing  of  the 
ferrofluid  particle  gyro  is  shown  in  Figure  1. 

Ferrofluids  are  stable  dispersions  consisting  cf  subdomain  magnetic  particles, 
typically  magnetite,  coated  with  a  stabilizing  agent  in  a  carrier  liquid.  Since 
most  inorganic  solids  are  characteristically  insoluble  in  most  oemmeo  liquids 
and  are  not  easily  solvated,  the  coupling  of  a  magnetic  particle  to  the  bulk 
liquid  phase  is  accomplished  by  adding  a  chemical  whose  structure  is  such  that 
it  can  both  adsorb  on  the  surface  of  the  particle  and  be  solvated  by  the  carrier 
liquid.  This  results  in  the  formation  of  an  essentially  bound  liquid  sheath 
around  each  particle.  For  a  hydrocarbon  bass  ferrofluid  a  typical  stabiliser  is 
oleic  acid.  This  molecule  contains  a  polar  carboxylic  end  group  that  adsorbs  on 
the  particle  surface  and  a  hydrocarbon  moiety  that  is  similar  to  the  dispersing 
medium  in  chemical  composition.  By  proper  choice  of  stabilising  agent,  magnetic 
properties  can  be  conferred  to  a  wide  range  of  liquids  which  include  water,  hydro¬ 
carbons  and  fluorocarbons. 

With  very  small  particles,  the  solvated  sheath  is  also  responsible  for  the 
stability  of  the  suspension.  In  a  well-prepared  ferrofluid,  the  particle 
diameter  is  small  enough  and  the  effective  thickness  of  the  sheath  is  large 
enough  so  that  when  two  particles  collide,  at  the  minimum  distance  of  separation 
of  the  surf.  _  ..  the  energy  associated  with  the  thermal  motion  is  larger  than 


energy  associated  with  London  and  magnetic  forces  of  particle  interaction. 

If  this  were  not  accomplished,  these  interparticle  forces  would  rapidly  lead 
to  particle  agglomeration  and  gross  phase  separation.  Typically,  for  a 
dispersed  magnetite  ferrofluid,  the  average  particle  diametc*  .«oUai_,y 
tlian  150  H  and  the  r.vfcio  of  the  thickness  of  solvated  sheath  to  the  partieles 
diameter  is  greater  than  0.2.  The  smal 1  oxze  results  in  a  very  large  number 
of  magnetic  particles  p.  -  unit  volume,  typically  10^-7  particies/em3. 


A  rotating  magnetic  field  is  generated  by  two  coils  arranged  at  right  angles, 
driven  by  a  two  phr.,f-r  alternating  current.  A  suitable  core  surrounds  the  coil 
system  and  forms  *.  magnetic  flux  return  path.  Since  a  high  frequency  is  desired 
to  maximize  the  gyroscopic  effect  capacitors  are  used  to  form  a  tank  circuit 
with  the  driver  coils  to  minimize  the  circuit  reactance. 

A  detector  coil,  orthogonal  to  the  driving  coils,  surrounds  the  ferrofluid 
container.  Thus,  the  detector  coil  is  sensitive  to  the  precession  of  the  sus¬ 
pended  magnetic  particles  when  the  ferrofluid  is  subjected  to  an  angular  input 
rate. 


SECTION  II 

TECHNICAL  DISCUSSIONS 


1.  Introduction 

The  purpose  of  this  study  is  to  investigate  the  torque  obtainable  in  a 
vola-ne  of  ferrofluid  acted  upon  by  a  rotating  magnetic  field.  It  was  shown 
earlier  that  significant  rotation  rates  may  be  induced  in  such  a  fluid.  A 
theory  to. predict  fluid  rotation  and  fluid  torque  was  derived  in  Reference  2. 

This  theory  was  extended  to  apply  for  multi-disperse  system  in  Reference  3» 
Measurements  of  the  rate  of  fluid  rotation  was  also  reported  in  Reference  3* 

Tiie  work  reported  in  Reference  2  concentrated  on  the  measurement  of  fluid 
rotation,  the  present  work  deals  with  the  measurement  of  torque  and  the  study 
of  angular  rate  signals  frctu  a  volume  of  rotating  ferrofluid  instrumented  as 
a  gyro.  The  torque  measurements  here  improve  the  understanding  of  the  rotating 
ferrofluid  phenomena  carried  out  in  the  previous  studies . 

2.  Torque  Measurements 

The  purpose  of  these  measurements  was  to  determine  the  torque  developed  by 
a  ferrofluid  under  the  influence  of  a  high  speed  rotating  magnetic  field.  The 
rotating  magnetic  field  is  generated  by  a  system  of  orthogonal  coils  driven 
from  a  two  phase  variable  frequency  power  source.  The  torque  on  the  ferrofluid 
is  measured  by  a  torsional  filament  suspended  at  the  intersection  cf  the  coils. 

It  was  calculated  ir.  Reference  3  that  fluid  torques  in  the  order  oi 
100  dyne-crn/cnP  could  be  obtained  in  a  ferrofluid  of  100  gauss  saturation 
magnetisation.  In  the  present  study  the  torque  is  to  be  measured  by  a  torsional 
filament.,  as  follows.  The  ferrofluid  is  in  a  container  at  the  intersection  of 
tne  field  coils.  The  electror.agoeticaJLly  induced  fluid  torque  in  the  ferrofluid 
rotates  the  fluid  container.  This  rotation  is  resisted  by  torsional  rigidity  of 
-the  suspension  filament.  The  dimensions  of  the  suspension  filament  arc  readily 
selected  to  yield  an  angular  deflection,  which  can  be  easily  measured. 

In  the  following  subsection  the  design  and  e instruction  of  the  apparatus  is 
described  ana  the  results  are  presented. 

a.  Apparatus 

The  block  air  gram  of  the  torque  measuring  apparatus  is  shown  in  Figure  2. 
A  variable  frequency  pulse  generator  feeds  a  phase  shift  network.  The  digital 
network  maintains  tne  two  output  signals  in  quadrature.  The  0°  ana  29°  outputs 
of  tha  network  are  filtered  with  a  variable  low  pass  filter  so  that  the  inputs  tc 
the  power  amplifiers  are  sinusoidal  for  all  driving  frequencies.  The  ferrofluid 
container  is  suspended  on  a  c arose  measuring  filament .  The  torsional  filament 
is  calibrated  in  a  separate  experiment. 
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b .  '  Electronic  Driver 

The  electronic  driver  shown  in  figure  3,  consisted  of  the  following  parts: 

(1)  Two  Phase  Signal  Generator  (l  each) 

(2)  low  Pass  Filter  (?  each) 

(3)  Buffer  Amplifier  (2  each)  - 

(4)  Power  Amplifier  (2  each) 

These  above  and  a  revised  power  supply  are  further  described  below 
and  in  Figures  3a  -  3e« 

Two  Phase  Signal  Generator  (Figure  _3a) 

The  signal  generator  consists  of  a  variable  frequency  generator  and  a 
90  phase  shifting  circuit.  The  driving  pulse,  is  generated  by  a  pair  of  mono- 
stable  multivibrators  operating  at  four  times  the  desired  frequency.  The  pulse 
is  fed  to  a  network  consisting  of  flip-flops  so  that  complimentary  pulses  of  one 
fourth  the  original  frequency  are  obtained.  The  multivibrator  21A  determines  the 
pulse  repetition  rate,  variable  from  2.5  to  24  sec,  while  pulse  width,  determined 
by  Z1B,  is  maintained  at  a  value  sufficient  to  trigger  the  rest  of  the  logic,  i.e., 
200  nsec.  The  oscillator  output  goes  to  the  first  flip-flap  Z2A  which  is  used  as  a 
divide-by-two  stage.  The  "0"  and  "1"  outputs  of  Z2A  are  connected  to  the  inputs 
of  Z3A  and  Z3B  respectively.  The  outputs'  of  Z3B  are  connected  to  the  gates  of 
Z3A  to  maintain  correct  phase  sequence.  The  ”0,:  output  of  Z3A  and the  "0"  output 
of  Z3B  are  fed  to  the  low  pass  filters  via  buffer  amplifiers  Z4A  and  Z4B. 

The  first  divide-by-two  stage,  22A,  assures  a  90°  phase  difference 
between  the  outputs.  The  additional  countdown  of  two  provides  a  square  wave  at 
each  output  which  only  contains  the  fundamental  frequency  and  its  odd  harmonics, 
thus  reducing  the  number  of  poles  required  in  each  low  pass  filter  needed  to 
produce  a  clean  sine  wave. 

Low  Pass  Filter  (Figure  3b; 

The.  low  pass  active  filter  has  a  variable  cutoff  frequency  which  is 
synchronized  to  the  frequency  of  the  driving  pulse  by  a  precision,  linear  5  gang 
50K  potentiometer.  The  first  gang  is  used  for  the  frequency  control  of  the 
multivibrator,  2  gangs  each  are  used  for  the  filters.  The  filter  cutoff  is  adjusted 
to  be  just  above  the  operating  frequency  by  the  proper  selection  of  the  390  S!F 
capacitors.  The  filter  approximately  has  a  2-pole  low  pass  Butterworth  response. 
Figure  4-  shews  the  frequency  output  of  the  phase  shift  logic  with  respect  to  the 
relative  setting  of  the  5  gang  potentiometer  Control  knob.  The  filter  cutoff 
characteristics  corresponding  to  the  minimum  driving  frequency  of  7*3  Kits  and  the 
maximum  of  35  KHz  respectively  are  shown  in  Figure  5»  It  is  seen  from  this  figure 
that  the  cutoff  of  the  filter  is  above  the  operating  frequency  in  each  case.  It 
was  also  observed  on  an  oscilloscope  operating  in  an  X-Y  mode  that  the  two  signals 
from  thb  filters  were  sinusoidal  and  in  quadrature  for  the  range  of  frequencies  of 
7.3  to  35  KHz.  _ 

Buffer  Amplifier  (Figure  3c) 

Each  buffer  amplifier  provides  a  high  impedance  lead  to  the  filters  and 
produces  a  balanced  "push-pull"  output.  Tne  low  pass  filter  outputs  are  coupled 
tc  the  amplifier  inputs  through  a  2  gang  att-eniator. 
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The  power  amplifier  provides  a  high  current  source  to  drive  the  center 
i upped  driver  coils.  As  shown  in  Figure  3d,  capacitors  were  placed  across  the 
driver  coils  to  greatly  increase  circulating  currents.  The  output  was  allowed 
to  swing  about-  • 30  volts  to  supply  the  voltage  necessary  to  overcome  the 
inductive  reactance  of  the  driver  coils  at  the  operating  frequency. 


e.  Driver  Coil  System 

The  driver  coils  consist  of  24  turns  of  //13  heavy  Formvar  copper  wire 
wound  on  a  powdered  iron  (Carbonyl  IIP)  core,  as  shovn  in  Figure  6.  The  toroid 
ID  is  2.000  inch,  the  CD  is  3.150  inch  and  the  width  is  0.450  inches.  A  gap 
of  O.562  inch  wide  wa~  cut  in  each  toroid  and  the  toroids  were  arranged  orthogonally 
as  shown  in  Figure  6  resulting  in  a  working  gap  O.562  in  by  O.552  in  and  0.450  in 
high.  This  figure  also  shows  the  principal  dimensions  of  the  cores. 

d.  Measurement  of  Magnetic  Field  in  Gap 

Measurements  of  the  magnetic  field  obtained  in  the  working  gap  of  the 
coils  were  obtained  with  DC  and  60  Hz  excitation  in  separate  experiments.  Equip¬ 
ment  limitations  precluded  measurements  at  higher  frequencies.  A  single  gapped 
toroid  wound  with  24  turns  of  #13  wire  was  connected  to  a  power  supply.  A  Hall 
effect  gaussmeter  probe  (C.S.  Walker  Model  R'l)  was  placed  at  the  midpoino  of  the 
gap.  The  restating  current  vs  field  curves  are  shown  in  Figure  7.  The  coil 
excitation  was  varied  frem  0  to  20  amps  dc  and  0  to  14  amps  rms,  60  Hz.  The 
calibration  constant  to  be  used  for  the  torque  experiments  is  obtained  by  the 
vectorial  addition  of  the  two  orthogonal  fields.  The  calibration  constant  for 
the  dynamic  experiment,  where  48  turns  of  #13  wire  were  used  in  each  core  is 
obtained  from  the  measured  values  by  the  usual  relation  for  the  gap  field,  Hg, 
field  of  an  iron  solenoid 

TT  _  4  It  HI 

Hg  "  To~ 


where  N  is  the  number  of  turns ,  I  is  -che  coi3.  current  I,,  and  lc  are  the 
effective  gap  and  core  length,  respectively  and  and  are  tne  permeabilities 
of  the  and  the  core  respectively.  With  air  in  the  gap,  u  =  1.  With  ceil 
current,  core  geometry  and  material  cons  .-.t  the  gap  field  is  proportional  to 
the  number  jf  turns.  ILps,  with  the  same  coil  current  the  gap  field  the  dynamic 
experiments  is  twice  that  for  the  torque  experiments,  since  in  latter  experiments 
twice  the  number  of  turns  are  used.  The  calibration  constants  shown  in  Table  I 
are  used  in  the  reduction  of  the  experimental  data. 

e.  Torque  Measuring  System 

The  ferrofluid  container  is  suspended  oh  a  filamentary  suspension  system 
as  shown  in  Figure  8.  As  the  ferrofluid  in  the  container  rotates  neder  the 
Influence  of  the  externally  applied  rotating  magnetic  field  the  vis  jous  drag 
on  the  container  causes  torsion  of  the  suspension  filament. 

A  light  weight  n on-metallic  pointer  attached  to  the  ferrofluid  container 
rotating  along  a  scale  calibrated  in  degrees  is  used  to  measure  the  torque  readout. 
The  filament  used  for  the  Suspension  is  a  nylon  ribbon  of  rectangular  cross  secti. 
of  0.0035  inches  by  6.018  inches.  The  torque  per  degree  T/0  for  a  unit  length  of 
ribbon  is  given  by  Timoshenko  (Reference  5 ) . 
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Figure  8  DETAIL  OF  TORQUE  FILAMENT  SUSPENSION 
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This  value  is  in  reasonable  agreement  with  the  calculated  value  of 
0.812  dyne-cm/deg  when  it  is  recognized  that  an  average  handbook  value  of  the 
torsional  rigidity  was  used.  The  experimentally  observed  stiffness  value  is 
used  in  the  reduction  of  the  gyro  data. 


f .  Results  and  Discussion 

For  the  systematic  collection  of  data  of  observed  gyro  torque  versus 
driving  field  magnitude  end  frequency,  the  ferrofluid  container  was  filled  with 
2  ml  of  G159  ferrofluid.  The  principal  properties  of  this  ferrofluid  are  shown 
in  Table  II.  The  quadrature  of  the  currents  was  monitored  on  an  oscilloscope 
operating  in  an  x-y  mode.  The  driving  field  magnitude  and  frequency  vere  also 
measured  -with  an  oscilloscope  operating  in  an  x-t  and  y-t  n*ode. 

For  the  first  set  of  torque  measurements  the  filament  was  tensioned  tc 
20  gr  by  a  micrometer  screw,  as  shown  in  Figure  8.  For  these  experiments  the 
driving  frequency  was  varied  from  6.2  to  50  KHz,  the  driving  field  was  varied 
from  2.5  to  TO  oersteds,  as  shown  in  Figure  9*  It  is  seen  from  the  figure  that 
the  torque  varies  approximately  linearly  with  field  magnitude,  and  that  the 
torque  increases  with  decreasing  frequency.  The  data  of  Figure  9  have  been 
replotted  versus  frequency  for  10,  20,  and  ho  oersted  driving  field,  as  shewn 
in  Figure  10. 

In  a  separate  experiment  talcum  powder  was  placed  on  the  free  surface 
of  the  ferrofluid  to  assist  in  visualizing  the  fluid  motion*-  It  was  observed 
that  the  fluid  surface  rotated  in  a  direction  opposite  to  that  of  the  container. 
This  phenomenon  was  also  observed  by  others  (Reference  3) • 

In  a  second  set  of  torque  experiment  the  micrometer  tensioning  mechanism 
was  replaced  by  a  23  gr  dead  weight,  constant  tension  mechanism.  In  audition 
the  driving  circuit  parameter  were  altered  to  lower  the  minimum  possible  frequency 
of  the  driver.  This  resulted  in  a  change  of  she  output  waveform  and  a  consequent 
difficulty  of  turning  the  coil  tank  circuit  capacitors.  The  results  for  '.his 
set  of  experiments  are  shown  in  Figure  11  and  12,  These  results  are  similar,  nut 
net  identical  to  those  shewn  in  Figure  9. 

The  scatter  in  the  data  believed  due  to  the  variations  are  changes  in 
waveform  at  different  power  levels.  In  these  experiments  it  was  not  possible  to 
independently  control  waveform  and  power  level.  Existence  of  a  waveform  effect 
is  also  reflected  by  the  scatter  of  the  torque  versus  frequency  data  presented 
in  Figure  13.  Based  on  existing  data,  it  is  however  difficult  to  postulate  the 
nature  of  this  previously  unknown  effect. 
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These  results  may  he  compared  to  the  predicted  torques  as  follows. 

It  -whs  shown  earlier  (Reference  2)  that  the  toaximum  fluid  torque,  L^y,  is 

L  -  2  2-3 

max  4  o 

where  A  is  the  fluid  susceptibility  and  H  the  magnitude  of  the  magnetic  field. 
Equation  2-3  is  used  to  calculate  the  maximum  torque  obtainable  from  theory.  The 
susceptibility  for  the  fluid,  (  -  M/H  by  definition) ,  is  obtained  from  the 

shape  of  the  experimentally  obtained  M  vs  H  curve.  Such  a  curve  for  Fluid  G159A 
is  shown  in  Figure  14  taken  with  an  automatic  curve  tracer.  In  the  region  near 
the  origin  the  difficulty  of  computing  the  local  ^-=  M/H  is  increased  by  the 
presence  of  irregularities  in  the  curve,  especially  in  the  region  H-*:10oe.  From 
Reference  3  it  is  noted  that  for  .small  fields  the  susceptibility  is  proportional 
to  the  magnetization.  Thus  the  Aat  H  =  10  oe  may  be  obtained  from  A&t  H0  -  50  oe 
by  interpolation.  Thus  at  n  »  10  oe,  5>  =  2.  Following  the  method  of  Reference  3 
>  msy  also  be  calculated  from  the  known  ferrofluid  particle  distribution  using 
Equation  14  of  Reference  3:  ... 
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c  m.  s 
72  kT 


£aUd.  -  2*)6 


(du  -  2a): 


.fin  =  volume  fractior  solids 
fej  =  number  of  particles  of  diameter  cf 
;  =  thickness  inert  outer  layer  on  particles 

K  =■  Boltzmann's  constant  «  1.37  x  10  lo  erg/°K 
T  =5  Absolute  temperature 

M  =  Saturation  magnetization  t>f  solids  in  suspension.  - 
s 

For  ferrofluid  G159  the  susceptibility  was  calculated  'X  =  1.02  at  H  =  .10.  For 
the  present  experiment,  a  fluid  freer,  the  sane  family  with  a  higher  magnetization 
was  used,  (M  at  10,0(36  oe  =  225  gauss  for  G159A  vs  137  gauss  for  G159) . 

The  results  of  these  calculations  are  shown  in  Table  XH<% 

It  is  also  seen  i*i  Refer*,  nee  3  that  the  frequency  for  maximum  torque  v 
transmission  is  given  by  . 


^  4h  vy 

where  is  the  fluid  viscosity,  and  a  is  the  effective  solvated  radius. 

In  Reference  2  the  measured  ferrofluid  particle  distribution  was  taken  and  the 
corresponding  bound  stabilizing  layer  yielded  an  -..ferage  particle  radius  of 
-1.29  x  10-16  on.  From  equation  2-4  a  frequency  of  24.3  KHz  is  calculated.  The 
experimental  observation  shows  however,  that  the  maxbnusi  torque  occurs  at  a 
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frequency  below  5  KHz.  This  implies  an  effective  particle  drag  radius  in 
excels  of  2.00  x  10“6  cm.  The  presence  of  a  boundary  layer  of  thickness  of 
about  0.70  x  10“ 6  cm  must  be  postulated  to  account  for  this  behavior.  (This 
assumed  that  the  original  model  in  which  particle  to  particle  interaction  was 
neglected,  is  still  valid.)  The  presence  of  such  a  boundary  layer  was  not  in 
evidence  in  the  d.c.  measurements  performed  earlier. 

TABLE  III 

MAXIMUM  FERROFLUID  TORQUE 


Fluid  identification 

G159A 

Magnetization  @  10,000 
oersted,  gauss 

225 

Susceptibility  at  H  =  10 
obtained  from  slope  of 

M  vs  H  curve 

2.0 

Susceptibility  @  K  =  10 
obtaLned  analytically 
from  measured  particle 
size  distribution 

1.68 

Maximum  torque  @  H  »  10 
oersted  based 'X  from 
■M  vs  H  curve 

50 

Maximum  torque  @  H  =  10 
based  on  X  from  particle 
size  distribution 

b2.2 

Tne  present  results  on  the  fluid  mechanical  behavior  of  the  ferrofluid 
are  summarized  as  follows. 

It  was  seen  tliat  fluid  torques  in  the  range  of  up  to  100  dyne- cm /cm'' 
could  be  obtained  as  was  predicted  from  the  theoretical  studies.  The  ferrofluid 
flow  pattern  was  seen  to  be  far  more  carplex  than  originally  postulated.  In 
particular  it  was  noted  that  the  fluid  container  rotated  in  a  direction  opposite 
to  that  of  the  bulk  fluid.  Thus  implying  complex,  three  dimensional  flow  paths 
in  the  bulk  of  the  fluid.  This  phenomenon  was  also  observed  independently  in 
Reference  3.  Observations  in  Reference  2  also  pointed  to  the  complex  nature  of 
the  flow  which  appeared  to  be  a  function  of  the  shape  of  the  container.  It  was 
reported  in  Reference  2  that  the  fluid  rotated  coaxially  in  a  cylindrical 
container;  however,  in  an  annular  space  a  number  of  independent  flew  cells  were 
established  as  shown  schematically  in  Figure  15 . 
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The  preliminary  conclusion  to  be  drawn  from  these  observations  is  that 
the  no  radial  flow  postulate  in  t hi  earlier  studies  does  net  correspond  to  the 
observations.  This  explanation  may  account  for  the  higher  observed  rotation  rates 
predicted  by  the  analysis.  The  particles  near  free  surface  of  the  fluid  are 
subject  to  different  boundary  condition  than  those  in  the  interior  or  those  near 
the  container  walls.  Presumably  in  a  spherical  container,  without  a  free  surface, 
a  more  regular  flow  pattern  would  be  obtained. 

3-  I?ynamic  Measurements 

The  purpose  of  the  dynamic  measurements  is  to  determine  the  electronic 
signal  level  obtained  m  a  search  coil  surrounding  the  rotating  mass  of  ferrofluid 
as  the  container  is  rotated  with  respect  to  a  reference  direction.  In  this 
experiment  the  ferrofluid  is  enclosed  in  a  sealed  vessel  surrounded  by  a  search 
coil.  The  container  assembly  is  positioned  at  the  intersection  i f  two  driving 
coils.  Angular  input  rates  are  applied  to  this  entire  assembly.  The  rotating 
magnetic  field  causes  the  individual  magnetic  particles  comprising  the  ferrofluid 
to  rotate  at  near  synchronous  speed.  The  assembly  of  angular  momenta  of  these 
particles  may  be  utilized  as  a  reference  in  a  rate  sensor.  The  precession  of  the 
rotating  magnetic  particles  may  be  detected  in  a  sensitive  search  coil.  ,.nhe  signal 
from  the  search  coil  must  be  processed  to  exclude  any  signal  frem  the  driving 
coils  by  suitable  compensation,  or  by  momentarily  switching  off  the  driving  field 
while  the  search  coil  signal  is  analyzed. 

a.  Experimental  Arrangements 

For  the  dynamic  experiments  the  electronics  driver  circuit  was  revised 
to  deliver  a  constant  sinusoidal  waveform.  The  block  diagram  of  this  system  is 
shown  in  Figure  16.  The  two  phase  generator  used  in  the  previous  circuit  is 
retained,  however,  operating  at  a  fixed  frequency.  A  passive  non-ad jnstable 
filter  network  is  used  to  yield  a  sinusoidal  waveform.  In  order  to  maintain  the 
sinusoidal  waveform  at  the  output,  a  feedback  power  amplifier  is  used  in  each 
channel. 

The  details  of  the  circuit  are  shown  in  Figure  17.  The  multivibrators 
Z1A  and  Z2B  are  adjusted  to  operate  at  a  fixed  frequency  of  40  KHz.  The  flip- 
flops  Z2A,  Z2B  and  Z3A  are  used  to  divide  by  four,  the  !’0"  and  "1"  outputs  of 
Z2A  give  pulses  90°  apart  to  yield  the  two  desired  channels.  The  details  of  the 
low  pass  filter  are  shown  in  Figure  17b.  A  five  pole  Buttervorth  filter  is  used; 
the  circuit  elements  are  identified  in  the  filter  schematic.  The  attenuation  of 
the  filter  was  measured  as  shown  in  Figure  18.  It  is  se^n  that  the  attenuation 
is  2  dB  at  10  KHz,  the  desired  operating  frequency  and  16  dB  at  15  KHz;  this  is 
a  satisfactory  operating  range  for  the  10  KHz  driver. 

The  feedback  amplifier  is  shown  in  Figure  17c.  A  capacitivelv  coupled 
buffer  amplifier  connects  the  signal,  via  a  2  gang  potentiometer  (1  gang  each 
used  for  each  channel)  to  an  operational  amplifier.  The  current  output  ol  the 
operational  amplifier  is  connected  to  the  power  stage  via  a  Darlington  amplifier. 
The  snitter  current  is  fed  to  the  inverting  input  of  the  operational  amplifier 
through  a  resistor  network  to  allow  feedback  level  adjustment.  The  outputs  are 
connected  to  the  driver  coils  through  series  resonance  capacitors. 
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Figure  17b  LOW  PASS  FILTER 
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Figure  <8  LOW  PASS  FILTER  ATTENUATION 


The  ct x*rent  delivered  to  the  load  was  11  amp  pp  per  channel. 

Quadrature  and  sinusoidal  waveform  were  maintained  in  the  coil  windings  for 
all  current  levels ,  including  the  maximum  value.  It  is  seen  from  Table  I 
that  the  magnetic  field  content  for  the  maximum  current  was  10.7  oe/anp  rms, 
thus,  the  maximum  value  of  magnetic  field  was  83.4  oe. 

To  study  the  dynamic  effect,?  of  tne  rotating  ferrofluid  particles  a 
search  coil  made  of  48  turns  of  #40  wire  was  wound  on  a  1.35  cm  diameter  bobbin.. 

The  search  coil  was  placed  in  the  gap  and  its  position  was  carefully  adjusted 
to  liiaimize  the  pickup  from  the  driving  field.  Then  the  coil  was  fixed  in  place 
with  wax.  The  ferrofluid  was  placed  in  a  special  container  designed  to  exclude 
entrained  air  bubbles.  The  search  coil  and  container  are  shown  in  Figure  19* 

The  entire  apparatus  was  mounted  on  a  base  plate,  as  shown  in  the 
photograph  of  Figure  20.  This  photograph  shows  the  base  plate  mounted  in  the 
gimbals  of  a  3  axis  table.  Tne  orthogonally  arranged  driver  coils  are  seen  on 
the  left  of  the  photograph.  The  coil  form  for  the  search  coil  is  seen  at  the 
intersection  of  the  toroidal  cores.  Immediately  below  the  cores  the  signal  de¬ 
modulating  network  is  shewn.  The  driver  electronics  is  shown  on  the  left  side  of 
the  picture.  The  two  phase  sipral  generator  is  seen  near  the  bottom.  The  two 
Butterworth  filter  are  immediately  above  the  signal  generator.  The  operational 
amplifier  is  seen  immediately  above  the  control  knob  of  the  2  gang  potentiometer. 
The  power  transistors  are  mounted  on  a  heat  sir!;,  shown  near  the  top  of  the 
picture.  The  series  resonant  capacitors  and  current  sensing  resistors  are  mounted 
above  the  heat  sink.  A  forced  air  fan,  shown  at  the  top  completes  the  assembly. 

A  general  view  of  the  experiment  is  shown  in  Figure  21.  Figure  22  shows  the 
detail  cf  the  instrument  mounted  in  the  gimbals . 

b.  Results  and  Discussion 

The  dynamic  experiment  were  carried  out  with  a  three  axis  rate  table 
(Or co  Electronics).  Figure  22  shows  a  detailed  view  of  the  instruments  mounted 
in  the  inner  gimfcal  of  the  table.  This  gimbal  has  a  maximum  frequency  of  27.5  Hz, 
a  readout  accuracy  of  £0.12$,  a  reproducibility  of  +0.05$.  The  maximum  angular 
acceleration  rate  obtainable  is  5-000  degrees/sec2,  the  maximum  angular  velocity 
TOO  deg/sec.  The  maximum  displacement  is  +120  deg. 

First  the  electronic  assembly  was  mounted  in  the  inner  gimfcal  of  the 
Carco  table  without  ferrofluid  in  the  gap  of  the  eoil.  The  table  was  deflected  at 
a  rate  up  to  5  cps  with  an  amplitude  cf  +15  deg.  Die  output  from  the  search  coil, 
was  monitored  vifc-h  a  high  gain  amplifier  with  a  variable  band  pass .  As  avf  rage 
position  of  the  table  was  varied  +90  deg  in  its  plane  ana  ±90  deg  in  the  orthogonal 
planes.  Ko  systematic  signals  were  detected,  insuring  that  there  vert  r«o  spurious 
signal  due  to  earth  gravity  or  to  other  fixed  permanent  magnet  sources  in  the 
building  to  interfere  with  the  measurements. 

For  the  dynamic  experiments  the  following  signal  processing  system  was 
used.  The  driving  field  was  operated  at  a  frequency  of  10  KHz,  while  the  assembly 
was  oscillated  at  up  to  5  cps.  The  position  of  search  coil  was  adjusted  for  the 
minimum  pickup  from" the  driving  coils  by  a  trial  and  error  procedure.  The  search 
coil  signal  was  demodulated  by  a  rectifier  and  amplified  by  a  band  pass  amplifier 
adjusted  to  bracket  the  oscillating  input  rate. 
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Figure  19  SEARCH  COIL  AND  FERROFLUIO  CONTAINER 
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MAMIC  EXPER'MENTAL  SETUP 


The  dynamic  response  was  observed  on  a  high  speed  two  channel  graphic 
recorder  and  on  an  x-y  plotter.  The  results  are  best  illustrated  by  the  x-y 
plot  of  Figure  23.  The  experimental  conditions  are  shown  in  Table  III.  It  is 
seen  from  the  study  of  Figure  23  that  noise  content  of  the  signal  is  high,  in 
view  of  the  large  signal  gain.  Because  of  this,  the  null  signal  could  not  be 
measured  independently.  A  detailed  analysis  of  the  signal  proved  difficult  in 
view  of  the  high  gain  employed.  The  major  source  of  interference  on  the  signal 
is  from  frequency  components  of  two  phase  driver  signal  not  completely  filtered 
out  in  the  pickup  and  subsequent  simplification  stage.  Further  improvement  in 
the  signal  could  be  obtained  by  switching  off  the  driving  field  for  a  portion  of 
the  cycle  and  measuring  the  search  coil  output  when  no  driving  signal  is  present. 
In  the  absence  of  such  an  arrangement  it  is  assumed  that  the  gyro  signal  is  at 
most  equ£l  to  the  total  signal  level  observed,  as  shown  in  Table  TV.  Thus,  he 
instrument  scale  factor  may  he  calculated  t~  be  0.27^  ^volt/mllliradian. 

TABLE  IV 

DYNAMIC  EXPERIMENTS 


Ferrofluid  Code  GI59A. 

Coil  Excitation,  amp  p-p  per  channel  11 

Search  Coil:  Number  of  turns  48 

Cross  sectional  area,  cm^  1.43 

Operating  Frequency,  KHz  10 

Total  resultant  magnetic  field,  oersted  S3 

Table  Rate,  Hz  5 

Table  Deflection,  deg  p-p  31.8 

Total  signal  observed,  lx  volts ,  p-p  0.148 

Instrument  scale  factor,  l»»  volts  /radian  0.274 
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Figure  23  OYNAMIC  RESULTS 


SECTION  III 


CONCLUSIONS 


In  this  study  a  rotating  electromagnetic  field  is  coupled  to  a  nonconducting 
magnetic  liquid,  a  ferrofluid,  and  liquid  torque  and  rotation  are  observed.  The 
experimental  results  of  torque  reported  here  are  in  accordance  with  the  general 
trends  previously  predicted.  Experimental  fluid  torques  of  up  to  100  dyne-cm/arH 
were  transmitted  by  a  driving  field  of  30  oersteds  rotating  at  rate  of  5  KHz. 

The  maximum  torque  transmission  occurred  at  a  frequency  lower  than  predicted  by 
prior  theory,  which  took  into  account  the  disorienting  effects  of  Erownian  Motion 
and  the  experimentally  observed  particle  size  distribution.  To  apply  the  theory 
to  the  results  of  this  study  the  thickness  the  boundary  layer  surrounding  each 
particle  must  be  taken  into  account  in  calculating  the  effective  partic.  radius. 
The  boundary  layer  thickness  is  equal  to  the  radius  of  the  particle. 

The  presence  of  complex  fluid  motions  in  the  interior  of  the  ferrofluid 
were  evidenced  in  an  experiment  where  the  surface  of  the  ferrofluid  rotated  ii 
a  direction  opposite  to  that  of  the  bulk  fluid. 

In  a  dynamic  experiment  a  volume  of  ferrofluid  driven  by  an  80  oersted  field 
at  10  KHz  and  surrounded  by  an  electromagnetic  pickup  coil  was  subjected  . o 
angular  rates  of  up  to  150  degrees /sec.  The  demodulated  search  coil  signal  was 
seen  to  be  no  greater  than  0.2  y  volts /millir&dian . 

It  was  seen  that,  the  electromagnet ically  induced  ferrofluid  torque  is 
significant,  that  the  flow  is  far  more  complex  than  originally  postulated,  and 
that  useful  rate  signals  could  not  be  obtained  using  conventional  signal  processing 
techniques . 
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